Sulfur-isotopic anomalies have been used to trace the evolution of oxygen in the Precambrian atmosphere and to document past volcanic eruptions. High-precision sulfur quadruple isotope measurements of sulfate aerosols extracted from a snow pit at the South Pole (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) showed the highest S-isotopic anomalies (Δ 33 S = +1.66‰ and Δ 36 S = +2‰) in a nonvolcanic (1998) (1999) period, similar in magnitude to Pinatubo and Agung, the largest volcanic eruptions of the 20th century. The highest isotopic anomaly may be produced from a combination of different stratospheric sources (sulfur dioxide and carbonyl sulfide) via SO x photochemistry, including photoexcitation and photodissociation. The source of anomaly is linked to super El Niño Southern Oscillation (ENSO) (1997-1998)-induced changes in troposphere-stratosphere chemistry and dynamics. The data possess recurring negative S-isotope anomalies (Δ 36 S = −0.6 ± 0.2‰) in nonvolcanic and non-ENSO years, thus requiring a second source that may be tropospheric. The generation of nonvolcanic S-isotopic anomalies in an oxidizing atmosphere has implications for interpreting Archean sulfur deposits used to determine the redox state of the paleoatmosphere.
UV photolysis | sulfur isotopes S ulfur is a ubiquitous element on Earth. Its multiple valence states (S −2 to S +6 ) permit it to participate in a range of photochemical, geochemical, and biochemical processes, and its four stable isotope ( ‡ in paleosediments [>2.5 giga-annum (Ga)] have been used to trace the origin and evolution of life and rise of oxygen in the Earth's paleoclimatic history (1) (2) (3) . In the present atmosphere, the concentration of sulfate in ice cores and associated S-isotope anomalies has served as a forensic tool to help understand the dynamics of volcanic emissions, such as transport and transformation of sulfur to the stratosphere and its impact on ozone chemistry (4) (5) (6) (7) . The low concentration of sulfate (SO 4 2- ) in ice cores during volcanically quiescent periods and associated analytical challenges to analyze all four S-stable isotopes at high precision have restricted studies of the temporal distribution of sulfur mass-independent signatures. Here, we present a highresolution seasonal record (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) of quadruple S-stable isotopes and concomitant isotope anomalies of sulfate aerosols extracted from a snow pit (1 × 1 m) at the South Pole (89.5°S, 17.3°W; 2,850 m) (8) to gain further insight into sources, photochemistry, and associated sulfur transformations of stratospheric sulfate aerosols (SSAs). The time period encompasses two major volcanic eruptions and three large El Niño Southern Oscillation (ENSO) events. A recent study has attributed a global warming hiatus (9) to a super ENSO event (1997) (1998) ; therefore, data from this period are timely for understanding changes in stratospheric sulfate aerosol chemistry that play an important role in mitigating global warming trends via scattering of incoming solar radiation. Oxygen triple isotope measurements of sulfate aerosols have recently revealed how ENSO-driven changes affect the global transport and transformation of sulfate aerosols from the troposphere to the stratosphere and across hemispheres (10) .
Results and Discussion
The highest SO 4 2-concentration in snow [154 parts per billion (ppb)] is observed after volcanic activity (Pinatubo, June 1991; Cerro Hudson, August 1991). The addition of volcanic sulfate to the stratospheric baseline sulfate aerosol (or background sulfate aerosol as defined in SI Appendix, Section 2) produced a significant decrease in heavy sulfur isotopes. The baseline sulfate aerosol value of δ 34 S BG = 12‰ dropped to ∼3‰ (Fig. 1A) following the Pinatubo eruption, and δ 
Significance
The highest S-isotope anomaly is observed in a nonvolcanic period, and the magnitude of anomaly is similar to the largest volcanic eruptions of the 20th century. S-quadruple isotope data provided the first evidence of how super El Niño Southern Oscillation (ENSO) events (1997-1998) have affected the transport and transformation of aerosols to the stratosphere; thus, record of paleo-ENSO events of this magnitude can be traced with the S-isotopic anomaly. High-resolution and high-precision S-isotopic fingerprinting also revealed that the tropospheric sulfate produced during fossil-fuel and biomass burning contributes to the stratospheric sulfate aerosol layer, a contribution previously unrecognized. The distribution of sulfur anomalies mimics the Archean isotope record, which is used to track the origin and evolution of oxygen on earth.
with δ 33 S and δ 36 S (δ 33 S = 0.508*δ 34 S + 0.2, r = 0.97; δ 36 S = 1.94*δ 34 S -0.876, r = 0.99) is observed (SI Appendix, Fig. S2 ). The maximum S-isotopic anomalies of Δ 33 S = +1.6‰ and Δ 36 S = +2.0 ‰ observed in 1998-1999 (Fig. 1B) occurs after the strongest El Niño event (1997-1998) of the decade. The peak is associated with a sharp increase in potassium (K) concentration (up to 42 ppb). This anomaly (Δ 33 S) is ∼2 times higher than the Pinatubo signal (Δ 33 S = +0.9‰) whereas the Δ 36 S is similar in magnitude to the Agung eruption (Δ 36 S = +2.5‰) (5), the largest volcanic eruption of the 20th century.
These S-isotopic anomalies are within the reported volcanic sulfate isotopic ranges between Δ 33 S = −1‰ to +0.9‰ and Δ 36 S= −5‰ to +3‰ (5, 11), suggesting similar photochemical processes ( Fig. 2A) . Laboratory experiments have demonstrated that the S-MIF originates during SO 2 photolysis at short wavelengths (λ < 300 nm), producing sulfate with positive Δ 33 S and negative Δ
36
S values, and a wide array of slopes (Δ 36 S/Δ 33 S), ranging from −1.1 to − 4.3 depending on wavelength (12) , pressure, and composition of the gaseous mixture (13) . The observations suggest that the S-isotope anomaly in sulfate aerosol in 1998-1999 is a consequence of SO x (SO 2 , SO 3 ) photochemistry (5, 6, 12, 14) in the short UV (<200 nm) region of the solar spectrum above the ozone layer (>25 km) where this wavelength is available in the present-day atmosphere, as will be discussed. The S-isotopic anomalies observed in volcanic sulfate aerosols are accompanied by a significant increase in sulfate concentration (4, 5, 11) . The Pinatubo and Cerro Hudson eruptions in 1991 produced a factor of 3.7 sulfate concentration increase in the snow record. The observed unprecedented S-isotope anomaly is not accompanied by a massive Pinatubo-size increase in sulfate concentration, thus requiring new, or highly perturbed, chemical, photochemical, and dynamical processes.
Our high-resolution, seasonally resolved sulfate aerosol data reveal the presence of a negative S-isotope anomaly (Δ 36 S (avg) ∼ −0.6‰) during nonvolcanic and non-ENSO baseline periods (SI Appendix), suggesting the presence of a second isotopically anomalous sulfate source. The S-isotopic anomaly during these time periods is within the range reported for tropospheric sulfate aerosols (15) of Δ 36 S= −0.3‰ to −2‰ (Fig. 2B) . In the present atmosphere, short UV is blocked by the O 3 layer; thus, the negative anomaly in tropospheric sulfate aerosol cannot be attributed to short-wavelength SO x photolysis. Romero and Thiemens (15) suggested possible transport of stratospheric S-isotope anomaly to the troposphere at low and mid latitudes. Considering the tropospheric S burden (16) ) can produce such a significant isotopic change in tropospheric sulfate aerosols. Alternatively, a 0.01% transport of anomalous sulfate from the troposphere to stratosphere can cause a significant change (Δ 36 S = −0.9‰) in the isotopic composition of SSA (SI Appendix), provided tropospheric sulfur is anomalous. Laboratory studies demonstrate that a negative S-isotope anomaly can be produced by nonphotochemical processes, such as primary sulfate produced during fossil-fuel combustion (Δ 36 S = −0.8‰ to −1.7‰) and biomass burning (Δ 36 S = −0.1‰ to −2‰) (SI Appendix, Table S3 ) (17) . The mechanism that generates the negative anomaly in such processes is unknown (radical driven or recombination reactions may be operative, for example), but, clearly, high-temperature sulfur oxidation processes are a viable source for the tropospheric negative anomaly. The S-isotopic composition (δ 34 S, Δ 33 S, and Δ 36 S) of baseline sulfate suggests transport of SO 2 and SO 4 to the stratosphere despite its normal short tropospheric life time (∼2-5 d).
The observed positive sulfur anomaly during 1998-1999 requires a stratospheric photochemical process involving SO 2 . It is generally accepted that only explosive volcanic eruptions [volcanic explosivity index (VEI) > 4] have sufficient energy to transfer tropospheric boundary material into the stratosphere that attain altitudes where short UV region at λ < 300 nm is available. The Smithsonian database of global volcanic eruptions (www.volcano.si.edu) and Stratospheric Aerosol and Gas Experiment II (SAGE II) archives (18) , however, do not list any significant plinian volcanic activity in 1998-1999, ruling out volcanic SO 2 input to the stratosphere as a source for the observed positive S-isotopic anomaly. Increased SO 4 concentrations from local (Antarctic) sources is ruled out because sea salt sulfate and sulfate produced from DMS oxidation is isotopically normal (5, 6) . A potential new source of the increase in sulfate concentration and S-isotopic anomaly could be the higher altitude transport of SO 2 and potentially from carbonyl sulfide (COS) by deep convection to the tropical tropopause layer, followed by SO 2 photochemistry upon stratospheric COS oxidation (19) . COS, the most abundant tropospheric S compound [∼500 parts per trillion (ppt)], is transported to the stratosphere (19) and removed by photolysis (∼70%) to SO 2 above 25 km. Increased COS (20-50%) in the tropical tropopause layer (the main entry region to the stratosphere), along with a substantial increase in other tracers of biomass burning (BB), including CO, HCN, CH 3 Cl, NO x , NO y in 1996 and 1999-2000, has been observed (20) . Potassium (K), a tracer of BB, can serve in certain circumstances as a tracer of forest fires (21, 22) , and ice-core data have revealed increased K concentration after intensive biomass burning events from 1750 to 1980 (23) . There are no global measurements of trace gases available from 1998 to 1999 BB events. Andreae and Merlet (24) estimated ∼1.8 Tg of S (∼15% contribution from COS), K (1.9 Tg), NO x (20.7 Tg), and CH 3 Cl (∼0.65 Tg) emissions from global BB events. El Niño Southern Oscillations are known to significantly affect chemistry, temperature, and dynamics of the troposphere and stratosphere (25) (SI Appendix). ENSO-induced variations in the upper troposphere/lower stratosphere (UT/LS) ozone levels (26) have been captured in the oxygen triple isotope data of sulfate aerosols retrieved from the South Pole through its effect on the SO 2 oxidation pathways (10). The 1998-1999 and 1984 peaks are the only deviants from the bulk S-isotope anomalies (Fig. 1B) , and special processes are required for these two time periods. Assuming COS and SO 2 from wildfires as the source of sulfur in this period with higher altitude transport to the stratosphere (18, 19) via pyrocumulus nimbus clouds (27), subsequent photochemistry of COS produced SO 2 above 25 km could provide an extra S-isotope anomaly source. The altitude for both SO 2 photo excitation and photolysis in this case likely differs from volcanic SO 2 due to its production above the ozone layer. Additionally, S-MIF signatures recorded in ice cores after major volcanic eruptions are actually a mixture of anomalously produced sulfate via SO x photolysis and mass-dependently produced sulfate via SO 2 + OH reaction (∼90% for Pinatubo sulfate), thus diluting the actual S-MIF signal (6, 7) .
The origin of the S-MIF is a function of the actinic light spectrum for both photoexcitation and photodissociation processes of SO 2 (12, 28) . Laboratory experiments have shown that COS photolysis at λ < 220 nm produces elemental sulfur S 0 with no S-isotope anomaly (29). In an oxidizing environment, however, COS photolysis produces SO 2 (19) , and subsequent photochemical transformations at short wavelengths (<280 nm) can produce S-MIF in sulfate (12, 14) . A recent model that considers SO 2 photoexcitation rather than photolysis and volcanic plume chemistry (including heterogeneous stratospheric chemistry) suggests that UV photo excitation of SO 2 is another route to the observed S-MIF in volcanic sulfate. This new mechanism may also provide information about the ozone-depletion chemistry in the plume (30) and is relevant for the present data. Laboratory experiments indicate that SO 2 photodissociation is wavelength-dependent (Δ 36 S/Δ 33 S slopes vary from −1 at λ = 193 nm to −4 at λ = 248 nm as shown in Fig. 2) , and the deviant sulfate circled points (1998-1999) may result from photochemistry at shorter wavelength, likely in the bands below 220 nm. There are no numeric simulations (including stratospheric heterogeneous chemistry and photochemical transformations) that are directly applicable to the present case where the dynamics and chemistry are perturbed as a result of changes in stratosphere-troposphere dynamics and intensive global BB following the super ENSO event (1997) (1998) , and it is difficult to quantify the excess sulfur reaching an altitude for the required wavelength (<220 nm). Based on the SO 2 photolysis experiments at short wavelength (193 nm) by Farquhar et al. (12) , if Δ 36 S (SO4) = 20‰ is assumed as an upper limit {isotopic mass balance; Im [(Δ 36 S (SO4) = 20‰) = (2‰_ENSO + 2.6‰_BG + ENSO)*40 ppb_background sulfate/excess SO x from biomass burning]}, isotope mass balance suggests that the incremental SO x required above background level in the stratosphere (>25 km where λ < 200 nm light is available) to produce Δ 36 S = 2‰ is 5 ppb. The potential importance of different sulfur sources (e.g., COS and differing SO 2 photochemistry) and the second tropospheric source may have further consequences in the Earth's early atmosphere (31). Mass-independent isotopic compositions in S-bearing molecules have been observed in the Earth's oldest rocks, which are interpreted as reflecting lowered oxygen and ozone concentrations in the atmosphere allowing tropospheric SO 2 photochemistry at short wavelengths (1) . There is debate as to the oxidation state of Earth's atmosphere-hydrosphere before Table S4 ) and fossilfuel and biomass burning signatures (magenta triangles) (SI Appendix, Table  S3 ). Δ 36 S/Δ 33 S slope of SO 2 photolysis experiments using ArF excimer (193 nm) and KrF (284 nm) Xe-lamp (continuum from 220 nm to longer wavelength) are also shown for comparison (12) . (C) S-isotope anomalies in sulfate and sulfide deposits from Precambrian rocks record (32) to the present-day sediments and comparison with aerosols in the present-day atmosphere.
∼2.4 Ga. Large mass-independent fractionation of S isotopes in pre-2.4 Ga sedimentary rocks and their absence in post-2.4 Ga counterparts support the hypothesis for a reducing Archean atmosphere-hydrosphere (32, 33). Models assume that UV photolysis of volcanic gaseous SO 2 in a low pO 2 atmosphere (3, 14, 34) is the source of S-isotope anomaly. The rate of volcanic supply of SO 2 , COS, H 2 S, photochemical transformation, and further reactions to form sulfates (S Comparison of the S-isotope anomaly of marine paleo-sediments (sulfates and sulfide) with present-day sulfate aerosol, including tropospheric aerosols (Fig. 2C) , reveals that the S-isotope anomaly resides in a similar S-quadruple isotope space although the magnitude of S-isotope anomaly in ice-core data is smaller than the Precambrian record. The result suggests that both may be produced by the same SO x photochemical processes and that factors such as photolysis wavelength and pressure may be important in accounting for some of the differences (12, 13) . The presence of S-MIF in the present-day atmosphere in nonvolcanic aerosols (encircled points) after the super ENSO 1997-1998 suggests that these two sources (SO 2 and COS) could contribute to sulfur-isotopic anomalies in the Archean. Thermodynamic gas phase equilibrium shows COS to be a stable product of reactions such as CO 2 + H 2 S → COS + H 2 O and CO + H 2 S → COS+ H 2 in reducing and oxidizing environments and has been detected in terrestrial geothermal fluids and present-day volcanoes (37), the atmosphere of Venus (38), and dense molecular clouds and comets (39, 40). Consequently, COS is another plausible S species in a reducing early earth environment. Numeric simulations of the CO 2 -rich (1%) early Archean atmosphere suggest that COS (5 ppm) may have provided a greenhouse effect (41). If COS undergoes hydrolysis reactions, it could lead to SO 2 in both oxidizing and reducing environments, and the anomaly observed may be a consequence of both SO 2 and COS photochemical transformations in early Earth. This observation suggests that it is imperative to consider such reactions in the early Earth models to facilitate the optimal understanding of the Earth's early atmosphere and its oxygen record.
The present work suggests that modeling efforts on the consequences of COS emissions from past sources should be explored, especially isotopically, and should include aerial and subaerial volcanoes, fumaroles, and oceans. It is apparent from the S-isotope anomaly plots (Fig. 2) that short UV-processed aerosols produced by potentially amplified COS/SO x sources lie within the range reported for the early Archean sediments (sulfide and sulfates) and for the two largest volcanic eruptions of the century, Pinatubo and Agung; therefore, new models of the Archean folding in COS and additional sulfur isotopic chemistry are needed to further resolve the early Earth environment. A long-term record of S-quadruple isotopes along with other tracers of biomass burning, such as soot and other tracers, is needed to quantify past ENSO and BB events and to assess future impact on stratospheric O 3 chemistry during time periods of increased biomass burning in the present-day atmosphere and stratospheric inputs.
Materials and Methods
Sulfate aerosol were extracted from a 1 × 1 m snow pit at the South Pole (2,850 m high; snow accumulation rate 84 kg·m −2 ·a
; mean annual temperature −49.5°C), Antarctica (8). The sample preparation for O-isotope analysis and SO 2 collection for sulfur isotope analysis were described earlier (10). SO 2 gas was converted to SF 6 for S-quartet isotope analysis following the method developed earlier in our laboratory (3, 12, 43 S, and Δ 36 S showed standard deviations of 0.06‰, 0.1‰, 0.4‰, 0.05‰, and 0.2‰, respectively, over the course of one year (sample size = 1-2 μmole; SI Appendix, Table S2 ).
The mass independent signatures of S are measured as (3): (sample size =1-2 mole Table SII) . 19 The mass independent signatures of S are measured as (4): 
